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Av. do Brasil, 101, 1799 Lisboa Codex, Portugal 
University New of Lisbon and University of Coimbra, Portugal 
ABSTRACT 
The performance of dams subjected to earthquakes is addressed with particular emphasis of recent earthquakes. 
Analysis of dams stability during earthquakes by experimental and mathematical models is referred. 
Foundation studies for soil and rock materials are described and assessment of liquefaction potential is discussed. 
Selection of design earthquakes by deterministic and probabilistic criteria is presented. Also neotectonics and attenuation relations 
are described. 
Monitoring and dam safety during construction and operation are addressed. 
Reservoir induced seismicity and prototype dynamic tests are treated. 
Ageing effects and rehabilitation of dams are discussed. 
Benefits and concerns of dams are referred. 
Risk analysis is addressed. 
Some final considerations and topics for discussions are presented. 
“Where love is great, the littlest doubts are fear; 
Where little fears grow great, great love grows there.” 
(Love, Shakespeare, Hamlet) 
INTRODUCTION 
The performance of dams subjected to earthquakes is 
addressed with particular emphasis of recent earthquakes. 
Analysis of dams stability during earthquakes by experimental 
and mathematical models is referred. 
Foundation studies for soil and rock materials are described 
and assessment of liquefaction potential is discussed. 
Paper NO. SPL _ 4 
Selection of design earthquakes by deterministic and 
probabilistic criteria is presented. Also neotectonics and 
attenuation relations are described. 
Monitoring and dam safety is addressed. 
Reservoir induced seismicity and prototype dynamic tests are 
treated. 
Ageing effects and rehabilitation of dams are discussed. 
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Benefits and concerns of dams are discussed. 
Risk analysis is addressed. 
Some final considerations and topics for discussions are 
presented. 
PERFORMANCE OF DAMS SUBJECTED TO 
EARTHQUAKES 
From a careful study of dam behavior during earthquakes 
occurrences the following failure mechanisms can be selected: 
- Sliding or shear distortion of embankment or foundation 
or both 
- Transverse cracks 
- Longitudinal cracks 
- Loss of 6-eeboard due to compaction of embankment or 
foundation 
- Rupture of underground conduits 
- Overtopping due to seiches in reservoir 
- Overtopping due to slides or rockfalls into reservoir 
- Disruption of dam by major fault movement in founda- 
tion 
- Differential tectonic ground movements 
- Failure of spillway or outlet works 
- Piping failure through cracks induced by ground 
motions 
- Liquefaction of embankment or foundation. 
The damage modes listed are not necessarily independent of 
each other. 
The dam behavior for recent earthquakes is analyzed 
subsequently. 
Northridge earthquake 
From the 108 dams under the supervision of the state Division 
of Safety Dams, twelve dams were located within an 80 km 
radius of the epicenter of Northridge earthquake occurred on 
January 17, 1994, with a moment magnitude of 6.7. 
Twelve earth dams exhibited some minor cracking and 
movement generally surficial and cracks widths rarely exceed 
25 mm (EERI, 1995). 
Los Angeles Dam, a zoned earthfill dam, with a clay zone, 
upstream and downstream shells of coarse materials and a 
chimney drain, constructed in the 197Os, probably 
experienced the strongest shaking, with peak horizontal 
accelerations ranging from 0.42 g at the abutment to 0.56 g at 
the crest. The cross- section of the dam is shown in Fig. 1 
(David and Bardet, 1996). The dam performed well, with 
some minor cracking of the asphalt concrete pavement and 
maximum crest settlement of 90 mm and horizontal 
movements of 55 mm at the maximum section. 
The only actual dam failure reported was small tailings dam 
located at a sand and gravel quarry operation in Simi Valley. 
Kobe earthquake 
Dams near the epicenter were shaken strongly during the 
Kobe earthquake occurred on January 17, 1995, with a 
moment magnitude of 7.2. Special safety inspections of dams 
were carried out over a wide range area showed that there was 
no damage to the dams which affected their safety or which 
required immediate protective countermeasures (Nakamura, 
1996, S&o e Pinto, 1996a). 
Kocaeli earthquake 
On August 17, 1999, an earthquake of magnitude 7.4 struck 
the Koqaeli region of northwest Turkey. The epicenter was 
approximately 7 km south of Izmit. 
Of 472 operating dams in Turkey, 48 lay within the area 
affected by the earthquake. 
Gokqe dam, located around 55 km of the earthquake’s 
epicenter, is an embankment dam 50m high, with a reservoir 
capacity of 25.5 hm3 and 10 years old, was found to have 
suffered no obvious damage during earthquake (Courtney et 
al., 2000). 
Yuvaqik dam is located close to the epicenter of the 
earthquake and around 7 km from the fault rupture. The dam 
IO8 m high with a clay core and shells of gravel material has a 
total storage capacity of 66 Mm3. 
At the time of the earthquake, the retained depth of water was 
approximately 93 m. 
Seismic design of the dam was carried for a horizontal peak 
ground acceleration of 0.15 g and the dam incurred very little 
damage with a vertical settlement of 100 mm and a horizontal 
movement of 3Onu-n (with the dam recovering to half of this 
value within weeks of the quake). 
Chi-Chi earthquake 
Following the Chi-Chi earthquake of September 21, 1999, 
with a magnitude 7.6, the reconnaissance team of US Army of 
Corps of Engineers reported the following behavior of large 
dams (Wieland, 1999): 
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Fig. 1 Cross-section of Los Angeles dam (after David and Bardet, 1996) 
- Shui-Shi and Toulih embankment dams at Sun-Moon 
Lake pumped storage project were subjected to about 
lg or more and performed very good. Both dams 
settled about 0.3 m. 
- Shui-Shi dam had seven longitudinal cracks along 
the crest and upstream and downstream slopes. The 
total horizontal movement from all the cracks was 
less than 100 mm upstream and 100 mm 
downstream, there was also a strange vertical bump 
on the crest. 
- Toulih dam performed well with only some cracking 
in a sacrificial upstream berm. 
The observed behavior of dams during earthquakes will give 
some guidelines for efficient structural designs to resist 
seismic actions and for the incorporation of countermeasures. 
ANALYSIS OF DAMS STABILITY DURING 
EARTHQUAKES 
The behavior of embankment dams during the occurrence of 
earthquakes can be analyzed by experimental or mathematical 
models. The capabilities and limitations of these models are 
briefly summarized. 
Experimental models 
Experimental methods are used to test predictive theories and 
to verify mathematical models. Nevertheless some limitations 
they are useful for physical modeling in geotechnique 
(Portugal, 1999). 
The most popular techniques for embankment dams are 
shaking table and centrifuge models. 
Centrifuge tests conducted by Kimura et al. (1996) have 
shown that: (I) dynamic centrifuge tests can reproduce well 
the seismic response of dams; (ii) both the natural frequency 
of first order and the response amplification decrease with 
increasing confining pressure, indicating the significant 
influence of confining pressure on the seismic behavior of the 
dam. 
The plan and side view of the dam model is shown in Fig. 2. 
Mathematical models 
The following dynamic analysis of embankment dams is used 
(S&co e Pinto et. al, 1995): 
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Fig. 2 Plan and side view of the dam model and 
transducers locations (after Kimura et al., 1996) 
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i) pseudo-static analyses; 
ii) simplified procedures to assess deformations; 
iii) dynamic analysis. 
The pseudo-static analyses assume a rigid or elastic behavior 
for the material (Ambraseys, 1960) and have the limitation 
that the seismic coefficient acts in one direction for an infinite 
time. 
Simplified procedures to assess deformations were proposed 
by Newmark (1965), Sarma (1975) and Makdisi and Seed 
(1977) and have given reasonable answers in areas of low to 
medium seismicity. 
Newmark’s original sliding block model considering only the 
longitudinal component was extended to include the lateral 
and vertical components of earthquake motion by Elms 
(2000). 
The use of dynamic pore pressure coefficients along with limit 
equilibrium and sliding block approaches for assessment of 
stability of earth structures during earthquakes was 
demonstrated by Sarma and Chowdhury (1996). 
For large dams where strong earthquakes have occurred more 
sophisticated methods were used (Seed, 1979). 
Several finite element computer programs assuming an 
equivalent linear model in total stress have been developed for 
1D (Schanabel et. al., 1972), 2D (Idriss et. al., 1973; Lysmer et 
al., 1974) and pseudo 3D (Lysmer et al., 1975). 
Since these models are essentially elastic the permanent 
deformations cannot be computed by this type of analysis and 
are estimated corn static and seismic stresses with the aid of 
strain data from laboratory tests (cyclic triaxial tests or cyclic 
simple shear tests) (S&co e Pinto, 1999). 
To overcome these limitations, nonlinear hysteretic models with 
pore water pressure generation and dissipation have been 
developed using incremental elastic or plasticity theory. 
The incremental elastic models have assumed a nonlinear and 
hysteretic behavior for soil and the unloading-reloading has 
been modeled using the Masing criterion and incorporate the 
effect of both transient and residual pore-water pressures 
generated by seismic loading (Lee and Finn, 1978; Finn, 1987). 
For the models based on the theory of plasticity two particular 
formulations appear to have a great potential for 
multidimensional analysis: the multi-yield surface model 
(Prevost, 1993) and the two-surface model (MrBz et al., 1979). 
Endochronic models have been refined by the inclusion of 
jump-kinematics hardening to satisfy Drucker’s postulate and 
achieve closure of the hysteresis loops (Bazant et al., 1982). 
A modified cam-clay model for cyclic loading taking into 
account that when saturated clay is unloaded and then 
reloaded the permanent strains occur earlier than predicted by 
the cam-clay model was proposed by Carter et al. (1982). The 
predictions exhibit many of the same trends that have been 
observed in laboratory tests involving the repeated loading of 
saturated clays. 
For the definition of the constitutive laws the following 
laboratory tests are used for embankment dams: resonant 
column tests, cyclic simple shear tests, cyclic triaxial tests and 
cyclic torsional shear tests. 
For the analysis of Los Reyunos Dam, a 132m earth dam 
located in Argentina, a modified version of Pastor- 
Zienkiewics model was used to estimate dam deformations 
with a fluid coupled non-linear dynamic analysis by Zabala 
and Oldecop (2000). The mesh displacements computed at the 
end of the input accelerogram amplified by 50 are shown in 
Fig. 3. 
In general for embankment dams 2 D analyses are performed, 
but for narrow canyons where the ratio crest length to height 
L/H is less than 3, a 2 D model act as a kind of low pass filter 
in the frequency domain and the vibration in dam axis 
direction would induce the vibration in UD direction due to 
the 3D effect of valley (S&co e Pinto et al., 1992; Masukawa 
et al., 1996; Sato and Obnuchi, 2000). 
The results obtained for the latter authors for 2D and 3D FEM 
model are shown in Fig. 4. 
In the past for earthfill dams where slopes are with 1 (V): 3 
(H) the hydrodynamic effects were disregarded. But for 
concrete faced rockfill dams (that will soon reach 200m 
height), located in high seismicity zones, where slopes are 
with 1 (V): 1.3 (H) and water pressures are applied directly to 
the concrete facing, these effects have deserved more 
attention (Bureau et al, 1985). Both Westergaard method and 
Galerkin formulation were used to analyze reservoir 
interaction (S&o e Pinto, 1996b; Csmara, 1999). 
Verification and validation of models 
The need of model and code validation is getting increased 
attention. 
It is important to stress that due the incorporation of dam - 
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Fig. 3 Mesh displacements computed at the end of the input accelerogram (after Zabala and Oldecop, 2000) 
3D Model 
Fig. 4 Results for 2D and 3D FEM model (after Sato and Obnuchi, 2000) 
reservoir - foundation seismic interaction problems and non 
linear effects of materials the computer codes are of high 
complexity. 
Sargent (1990) has introduced the concepts of verification and 
validation and the relations established between the three 
entities: the physical problem; the conceptual model; and the 
computer model and its numerical implementation are 
illustrated in Fig.5. 
-ZEneD YmFIcITIoM / 
Fig. 5 Relations between physical problem, conceptual model 
and computer model (after Sargent, 1990) 
Verification intends to ensure that the computer program is 
correct and its represents faithfully the conceptual model and 
validation applies essentially to the conceptual model, and its 
ability to reproduce satisfactorily the physical phenomena. 
A slightly different terminology is adopted by ICOLD 
(1993b) that considers that the numerical modeling process 
for dams should be checked in order to avoid unreliable 
results considering the following aspects: 
i) justification of the whole modeling method ( the 
relevance to physical reality); 
ii) validation of the computer code; 
iii) quality assurance of the whole computation 
process. 
FOUNDATION STUDIES 
The foundation properties for soil materials are estimated by 
geophysical tests (crosshole tests, seismic downhole tests and 
refraction tests), SPT tests, CPT tests, seismic cone and 
pressurometer tests. 
For the analysis of rock mass discontinuities the following 
numerical techniques are used: finite elements, finite 
differences, boundary elements and discrete elements. 
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The reproduce the opening of joints discrete element models 
are well suited for this type of study, as they represent the 
dynamic behavior of the jointed rock medium. The spacing 
and orientation parameters of discontinuous cross-joints are 
defined by a mean value and a random deviation. A coupled 
hydro-mechanical analysis can be performed under the 
assumption that blocks are impervious and fracture flow is 
governed by the cubic law (Lemos, 1999b). 
Significant advances have been made in describing joint 
statistics and creating computer representations of rock 
masses with some measure of realism. The Veneziano 
polygonal model, which starts by generating lines by a 
Poisson process on each plane, where actual joint and rock 
bridge portions are then defined is shown in Fig. 6. 
Dershowitz and Einstein (1988) described several joint system 
models, which are intended to characterize, in aggregate way, 
the various joint characteristics. Individual joints are idealized 
as disks or polygons, distributed in a 3D space, either 
randomly or according to some spatial criterion. This model 
illustrated in Fig. 7 generates the planes by Poisson process 
first, then find the intersections in order to define the joint and 
rock bridge portions on each plane (Lemos, 1999a). 
To investigate the nonlinear dynamic soil-structure interaction 
of a plane-strain earth dam founded on elastic halfspace, 
subjected to transient vertically incident SV waves a couple 
finite element-boundary element formulation was applied 
(Abouseeda and Dakoulas, 1996). This formulation can also 
be used to assess the relative importance of the effects of 
nonlinearity, soil structure-interaction, effect of a soft 
foundation layer, type of excitation (P, S, Rayleigh waves) 
and other parameters affecting the response of the dam. 
Fig. 6 Veneziano polygonal model: a) 2D Poisson line process; b) marking of polygonal joints; c) 3D Poisson plane process (after 
Einstein, 1993) 
Fig. 7 Dershowitz polygonal model: a) 2D Poisson plane process; (b) Poisson line process formed by intersections, c) marking of 
polygonal joints (after Dershowitz and Einstein, 1988) 
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Liquefaction assessment depends on the geologic and tectonic conditions at and in the 
vicinity of the dam site. 
The methods available for evaluating the cyclic liquefaction 
potential of a deposit of saturated sand are based on 
laboratory tests and field tests. 
In general the following laboratory tests are used: (i) cyclic 
triaxial tests; (ii) cyclic simple shear tests; (iii) torsional cyclic 
shear tests. Due the difficulties in obtaining high quality 
undisturbed samples field tests such as SPT tests, CPT tests, 
seismic cone, flat dilatometer and methods based on electrical 
properties of soil are used. 
To estimate liquefaction resistance from shear wave velocity 
there are two procedures: (i) methods based on a combination 
in situ shear wave velocity measurements and laboratory tests 
on undisturbed tube and in situ freezing samples from 
Tokimatsu et al. (1991); (ii) methods based on in situ shear 
wave velocity measurement and a correlation between 
liquefaction resistance and shear wave velocity deduced from 
liquefaction degree in the field from Stokoe et al. (1999). 
The assessment of liquefaction resistance from shear wave 
crosshole tomography was proposed by Furuta and Yamamoto 
(2000). 
To analyze the liquefaction potential of the foundation soils 
and the performance under seismic loading of Duncan Dam 
located in British Columbia Pillai et al. (1995) used 
sophisticated sampling techniques (frozen samples) and field 
and laboratory investigations associated with more recent 
models to provide sound and practical approaches to 
liquefaction evaluation and mitigation. 
Liquefaction resistance of silty sands during seismic 
liquefaction conditions for various silt contents and confining 
pressures was investigated by Amini and Qi (2000). 
The post-liquefaction strength of loose silly sediments is 
commonly less than that of sands, but moderately dense silts 
at shallow depths are generally dilative, making them more 
resistant to ground deformation than cleaner sands (Youd and 
Gilstrap, 1999). 
A probabilistic method considering the uncertainty in the 
liquefaction criterion was proposed by Todorovsha and 
Trifunac (1999). 
SELECTION OF DESIGN EARTHQUAKES 
Deterministic and probabilistic criteria 
The selection of seismic design parameters for dam projects 
The regional geologic study area should cover, as a minimum, 
a 100 km radius around the site, but should be extended to 
300 km to include any major fault or specific attenuation laws. 
The probabilistic approach quantifies numerically the 
contributions to seismic motion, at the dam site, of all sources 
and magnitudes larger than 4 or 5 Richter scale and includes 
the maximum magnitude on each source. 
The dam should be designed for Operating Basis Earthquake 
(OBE) and Maximum Design Earthquake (MDE). Both 
depend on the level of seismic activity, which is displayed at 
each fault or tectonic province (SRB, 1999a). 
For the OBE only minor damage is acceptable and is 
determined by using probabilistic procedures. 
For the MDE only deterministic approach was used (ICOLD, 
1983) but presently it is possible to use a deterministic and 
probabilistic approach. If the deterministic procedure is used, 
the return period of such an event is ignored, if the 
probabilistic approach is used a very long period is taken 
(ICOLD, 1989). 
Neotectonics 
The tectonic conditions should include tectonic mechanisms, 
location and description of faults (normal, stryke and reverse) 
and estimation of fault activity (average slip rate, slip per 
event, time interval between large earthquake, length, 
directivity effects, etc). These factors are important to assess 
the involved risk. 
Determination of neotectonic activity implies first the 
qualitative geomorphologic analysis of air photos and 
topographic maps. The GPS system is another powerful 
means of monitoring the crustal mobility. 
Cluff et al. (1982) have proposed the following classification 
for slip rates: extremely low to low for 0.001 mm/year to 0.01 
mm/year, medium to high 0.1 nun/year to 1 mm/year and very 
high to extremely high IO mm/year to 100 mm/year. 
The most dangerous manifestation concerning the dam 
stability and integrity is the surface fault breaking, intersecting 
the dam site. 
The current practice is the deterministic approach in which the 
seismic evaluation parameters were ascertained by identifying 
the critical active faults, which show evidence of movements 
in Quatemary time. 
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Following (ICOLD, 1989) an active fault is a fault, reasonably 
identified and located, known to have produced historical 
fault movements or showing geologic evidence of Holocene 
(11 000 years) displacements and which, because of its 
present tectonic sitting, can undergo movements during the 
anticipated life of man-made structures. 
Fractures and ruptures affecting the dam site span the range 
from cracks, joints and fissures to faults and systems of faults 
and fault zones. The kinematics of faults differentiates them 
into the following kinds: normal (gravitational) faults, thrust 
faults and strike-slip faults. 
The kinematics of faulting is related with the nature and extent 
of damages to expect. 
The region of faults in the region of dams and storages can 
have the following effects (ICOLD, 1998a): (I) seismic 
activity and induced activity with shaking effects on 
structures; (ii) hydrogeological effects including possible 
storage losses; (iii) slope stability problems; (iv) creep 
phenomena which can influence dam sites; and (v) fault 
breaking in the dam foundations with consequences for dam 
safety. 
The fault studies should considered various levels: (I) regional 
investigations should cover 150-200 km radius, in order to 
form a picture of the general tectonic setup; (ii) local 
investigations in 50 km radius; and (iii) faults intersecting the 
dam site with special significance for dam structure. 
To assess if there is the potential for a significant amount of 
surface displacement beneath the dam several backhoe 
trenches are excavated with 3 to 4 meters deep and 30 to 50 
meters long and should be inspected and log the exposures 
geologic features. 
Recently a fault investigation method other than trenching has 
been developed, called the long Geo-slicer method in which 
long iron sheet piles with a flat U-shaped cross section are 
driven into an unconsolidated bed, iron plate shutters are 
inserted to face these iron sheet piles and the piles and 
shutters are pulled out to take undisturbed samples of strata of 
a certain width. This method is advantageous in regard to the 
ease of securing land for conducting investigations compared 
with trenching and the ease of bringing the strata samples 
back to the laboratory for detailed observations (Tamura eta], 
2000). 
When active faults are covered with alluvium geophysical 
explorations such as seismic reflection method, sonic 
prospecting, electric prospecting, electromagnetic 
prospecting, gravity prospecting and radioactive prospecting 
can be used (Takahashi et al., 1997). Of these the seismic 
reflection method can locate faults if geological conditions are 
favorable, and confirm the accumulation of fault 
displacements based on the amount of displacements in strata 
that increases with strata age. 
Together with the mentioned investigations of recent tectonic 
activity, historical and instrumental evidence complete the 
information body on the threat of fault breaks in the dam 
foundation. 
Modeling of dams (mathematical and physical models) have 
shown that the dams can accommodate near lm of fault 
displacement and not experience catastrophic failure (Pina, 
1999). 
For deterministic analyze median or 84 th percentile ground 
motions are used for design ground motions for dams. The 
choice for median or 84 th percentile is based on the slip rate 
of the fault and the downstream hazard and downstream 
hazard of the dam. 
For low slip rates (about O.lmm/year or less) the medium 
ground motion is appropriate. For high slip rates (about 0.5 
mm/year or greater) the 84 th percentile ground motion is 
appropriate. Several scenarios are assumed and for near- 
source faults of the dam amplified motions resulting from 
source-rupture directivity effects should be included. 
A probabilistic approach was used by Coelho and Marcelino 
(1997) to obtain a probabilistic distribution of exceedance of 
fault displacements for 1 year and 100 years. 
Attenuation relations 
Attenuation relations can be divided into 3 main tectonics 
classification: shallow crustal earthquakes in active tectonics 
regions, subduction earthquakes and shallow crustal 
earthquakes in stable continental regions. 
The following attenuation relations were proposed: 
Idriss model (1995) has only horizontal component and 
Sadigh et al. model (I 997) and Abrahamson and Silva (1997) 
relation have been used for vertical component. 
Sonunerville et al. (1997) have shown that directivity has a 
significant effect on long-period ground motions for sites in 
the near-fault region. 
Case study 
High Aswan Dam (HAD) is a rockfill dam with clay core, 
rockfills shells and a wide grout curtain from the bottom of 
the clay to rock formation (Fig. 8). It is 11 1 m high and 3600 
m long, the storage capacity is 162 km3 and is built on main 
river Nile (Shenouda, 1982). 
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(I) Rockfill of muck. 
(2) Sized stones sluiced with sand. 
(3) Sized stones sluiced with silt and clay 
(4,4’) Dune sand. 
(5) Coarse sand. 
(6, 7) Clay core and blanket. 
(8) Grout curtain. 
(9) Three layer filter. 
(10) Drainage wells. 
(I I) D.S. prisms of fines. 
( 12) Protective layer of big blocks. 
(13)Inspection galleries. 
(14) Sluicing limits. 
Fig. 8 Cross section of dam (after Shenouda, 1982) 
For the design purposes it was considered that Aswan area 
was not seismic. 
On 14 November 1981 a moderate earthquake of magnitude 
5.3 occurred about 5,3 km Southwest of the dam. The sudden 
occurrence of this earthquake caused a significant concern due 
to the concentration of population in the valley and along 
downstream the dam. The evaluation of fault capability of 
releasing earthquakes in the Aswan area became a high 
priority problem (Shalaby, 1995). 
High-gain seismographs and also a network of six portable 
seismographs surrounding the after shock zone were installed. 
In July 1982 a telemeter network was installed. 
The seismic monitoring and the telemetered network have 
shown a close association between the Kalabsha fault and the 
main shock of November 1981 and much of the subsequent 
local seismicity. It was also concluded that the risk of 
reservoir triggered seismicity was insignificant. 
Seismic stability and potential deformations were assessed by 
a non linear finite element analysis. The results of the studies 
show that the occurrence of the largest potential earthquake 
would not jeopardize the safety and integrity of the dam and 
its appurtenant structures. 
MONITORING AND DAM SAFETY 
Dam behavior during construction and operation is monitored 
to check methods, results of analyses and model tests and to 
analyze it safety against deterioration of failure (ICOLD, 
1981). 
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The potential risk associated with dams depend on storage 
capacity, height of the dam, potential downstream damage and 
evacuation requirements (ICOLD, 1989). These risk factors 
are separately weighted as low, moderate, high and extreme. 
Observations of ground motions at a future dam site or near 
the site are increasing. Seismometers are installed at least 
several years prior to the design of the dam. Observed 
earthquake data allow the definition of attenuation laws and 
standard response spectrum of the site. 
Seismic downhole-array data provide a unique source of 
information on actual soil behavior over a wide range of 
loading conditions. Correlation and spectral analyses are 
performed to evaluate shear wave propagation characteristics, 
variation of shear wave velocity with depth, and site resonant 
frequencies and modal configurations (Elgamal et al., 1995). 
Seismic instrumentation 
Two problems have to be considered in regard of seismic 
instrumentation: the seismic@ around the reservoir (natural 
and induced) and the response of the dam to such seismic 
activity (S&o e Pinto, 1991). The type of instruments 
currently designated by accelographs (all types of seismic 
instruments that write permanent, continuous record of earth 
motion) are strong-motion accelerographs, peak recording 
accelerographs and seismoscopes. 
Accelerographs have been categorized into four types based 
on their recording system such as analog film, FM analog 
magnetic type, digital tape and digital solid state memory. The 
recent developments in electronics have made analog film and 
digital tape recorders definitely obsolete, as number of them 
9 
. 
are still in service their replacement should be considered as 
cost-effective (ICOLD, 1999). 
The location of seismic instruments depends of local effects 
and equipment characteristics. The strong motion 
accelerographs and peak accelerographs should be located at 
base and dam crest (S&co e Pinto, 1993). 
Case Study 
The Long Valley Dam is a 54 m high zoned dam with a crest 
length of 180 m, constructed in California and completed in 
1941. 
Starting from an earthquake of 5.8 in October 1978 the area of 
the Long Valley Dam has been shaken almost continuously by 
a low-to-moderate magnitude earthquake sequence until late 
1986, including 26 earthquakes above magnitude 5 and 6 
earthquakes above magnitude 6. The geological evidence 
indicates that these earthquakes are both tectonic and volcanic 
origins. 
Considering the seismic risk of the site, strong motion 
instruments were installed at the Long Valley dam in 1975. 
One CR-l and three SMA- 1 strong motion accelerographs 
were connected to 22 accelerometers and the location of these 
instruments is shown in Fig. 9 (Lai and Seed, 1985). 
Valuable strong-motion data were collected in 1978 allowed 
to justify the installation of another 13 accelerometers in 
1979. Although the earthquakes were of moderate magnitude, 
their proximity to the dam resulted in repeated and high peak 
accelerations in the structure and bedrock. 
Despite these high acceleration values only transverse cracks 
were observed and rockfalls from the canyon walls and 
abutments during earthquakes were reported. 
A multistep strategy for the prioritization of maintenance and 
repair funds for the monitoring of embankment dams was 
proposed by Andersen et. al. (1999). 
To monitor the local earthquake activity in the vicinity of the 
reservoir, a network of seismic recording stations shall be 
installed prior to reservoir tilling. 
The network should include at least 5 stations and 40% being 
three-component instruments that should surround the 
reservoir so as to allow accurate epicentral, focal depth and 
focal mechanism calculations. 
The acceleration records will provide valuable engineering 
data that can be used in post-earthquake safety evaluation of 
the dam. 
The studies shall be done using state-of the art approach and 
state of the art practice. 
Data acquisition 
An automatic system with teletransmission in comparison with 
manual readings allows a rapid data processing of a great 
number of instruments. 
Once in operation an automatic system allows a reduction of 
personal, both in the field and office. 
The automatic system and the central data processing allow a 
quicker updating of the information. 
An automatic system implies an increase of complexity, with 
the electronic equipment to be installed in unfavorable 
environment of temperature and humidity. A fully automatic 
system can be destroyed by an event such as an earthquake, or 
an exceptionally large flood. 
Data management 
Observation plans 
The detailed definition of the monitoring scheme cannot be 
made on the solid basis of the features of the dam, because 
many external factors are to be taken into account when safety 
problems are considered. 
The risk factors are classified in three classes, which are 
referred respectively to actions, to the structure or to values 
affected by hazards. The arithmetic average of all indices 
falling in a given class forms an overall risk factor for the 
class; in this way we define, respectively, an environmental 
factor E, a reliability factor F, a potential human/economic 
hazard factor R. Lastly a global risk index ap, is developed by 
taking the product of the three partially factors E, F, R, 
(ICOLD, 1981). 
Regarding the data acquisition and processing the software 
includes the following features ( ICOLD, 1998b): 
- collection of data for some time intervals; 
- collection of data for some particular events such as 
asynchronous transmission of data by a peripheral, using a 
flag for seismic events or other exceptional conditions; 
- collection of data sets following the request of the system 
operator; 
- manual of measurements performed by resident 
personnel; 
- check of data in order to assess the reliability of the 
measured values, and the malfunction of the instruments; 
- data storage and periodic back-up of record files; 
- periodic display and print of data and other results of the 
data processing, following the request of the operator; 
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Fig. 9 Cross-section of Long Valley Dam. Distribution of accelerographs (after Lai and Seed, 1985) 
- management of anomalies, related with overcoming of 
allowable limits and the use of alarm signals; 
- possibility of communication with remote units; 
- display of the measurement points location; 
- easy access to the data reduction equations and other 
logic programs and sets of specific instrument constants. 
Data validation and subsequent actions 
Preliminary check on the raw values (following the execution 
of function tests on measurement equipment) by comparing 
the actual values from the sensor readings with the established 
limits and data reduction (computation of engineering 
quantities) (S&co e Pinto, 1998). 
For the interpretation of the measurements it is necessary to 
establish a procedure, a mathematics model that can be a 
statistical model, a deterministic model or a hybrid model. 
The use of back analysis methods for the interpretation of the 
behavior of dams is increasing (Castro, 1998) .The more 
general back analysis methods are based on the minimization 
of a function on the parameters to be identified, which is 
established with the monitoring data and correspondent values 




calculated with a mathematical model (Fig. 10). 
Data storage 
It is advisable to design and use a database containing the 
monitoring data selected to be storage. 
The dam safety engineer, or the monitoring personnel at the 
dam site in case the corresponding software is available 
locally, need to observe in the display or prints, sequences of 
the engineering quantities or/and chronological diagrams or 
any other type of graphical representation of data showing the 
evolution of these quantities usually plotted versus time and 
reservoir level, and whenever justified, environmental 
temperature. The software must be flexible and friendly to 
produce a list and diagrams informing about the data 
evolution. 
An alarm concerning only a sensor reading will correspond 
usually to an abnormal situation. 
Safetv control 
Safety control is the group of measures taken in order to have 
an up-to-date knowledge of the condition of the dam and to 
detect in due time the occurrence of any anomalies to define 
actions to correct the situation or, at least, to avoid serious 
consequences (Post, 1985). 
Application of expert system technology to dam safety control 
activities may contribute to improve its speed, provide higher 
levels of economy, robustness and efficiency (Portela, 1999). 
Based on a dialog the expert system allows to simulate an 
abnormal behavior of the structure in order to decide for 
corrective actions to be implemented with the purposes to 
improve the dam safety (Gaziev, 1998). 
The safety control of a dam involves the construction phase 
and the first filling of water and the long term. 
Experience has shown that the rational and systematic control 








- fairly frequent visual inspection by staff in charge of the 
observation system; 
- periodic visual inspection by specialist; 
- regular measurements using instrumentation; 
- data validation; 
- data storage; 
- visual inspections; 
- safety evaluation; 
- corrective actions. 
Visual inspections 
The preliminary inspection before the first filling with the 
presence of a representative of the owner, is intended to 
ascertain that the state of the work and the functionality of 
both the arrangements for closing the river and of the 
equipment of the appurtenant works and of the monitoring 
scheme enable the filling to be begun. 
Inspections after the first tilling, which is to be made by the 
Authority with collaboration from LNEC and in the presence 
of a representative of the Owner, is intended to verify the state 
of the dam and equipment and contribute towards the 
decisions which will taken as regards operation (SRB, 1990b). 
Visual inspections are compulsory after exceptional 
occurrences, such as important earthquakes, big floods and 
total or nearly total drawdowns of the reservoir ( ICOLD, 
1988; S&co e Pinto, 1991). 
During inspections the following aspects deserve attention: 
Dam Body - (i) upstream face (slope protection, vegetative 
growth, settlement, debris, burrows and unusual conditions); 
(ii) downstream face (signs of movement, seepage or wet 
areas, vegetative growth, condition of slope protection, 
burrows or unusual conditions); (iii) crest (surface cracking, 
settlement, lateral movement, camber). 
Spillway - (i) approach channel (vegetation, debris, slides, 
slope protection); (ii) control structures (apron, crest, walls, 
gates, bridge, chute, stilling basin, outlet channel). 
5- ofa 
function 
Fig. 10 Back analysis method (after Castro, 1998) 
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Outlet Works - (i) inlet works, emergency control facility, have drawn the attention of designers concerned with dam 
outlet conduit, service control facility, stilling basin. safety. 
Reservoir - Log Boom, landslides, other. 
Access Road - Condition of pavement, ditches, bridge. 
The reservoir induced earthquake is linked to dams higher 
than about 100 m or to large reservoirs (capacity grater than 
500 x IO6 m3), rate of reservoir filling and to new dams of 
smaller size located in tectonically sensitive areas. 
If an earthquake of moderate or high Richter magnitude occurs 
an immediate inspection of the dam shall be done following 
these procedures (ICOLD, 1988): 
The earthquakes that have occurred around the few dams by 
mere accident cannot definitely be attributed to dam or water 











If the dam is damaged to the extent that there is 
increased or new flow passing downstream immedi- 
ately implement failure or impending failure proce- 
dures as previously planned. 
If abnormally reduced flow is present at the upstream 
end of the storage, immediately inspect the river 
course for possibility of upstream damages due to 
landslide. If such is the case, implement failure or 
impending failure procedures. 
Make an estimate of the characteristics of the 
earthquake. 
Immediately conduct a general overall visual inspec- 
tion of the dam. 
If visible damage has occurred but has not been 
serious enough to cause failure of the dam, quickly 
observe the nature, location and extent of damage and 
report all the information to the supervisory office for 
a decision on further actions. 
Make additional inspections at any time because of 
possible aftershocks. 
During inspection the following aspects deserve 
attention: (i) cracks, settlements and seepage located 
on abutments or faces of the dam; (ii) drains and seeps 
for increased flow or stoppage of flow; (iii) outlet 
works or gate misalignment; (iv) visible reservoir and 
downstream areas for landslides, new springs and 
sandboils and rockfalls around the reservoir and in 
downstream areas; (v) for tunnels and conduits, 
observe whether silt, sand, gravel, rock or concrete 
fragments are being carried in the discharge stream. 
Continue to inspect and monitor the facilities for at 
least 48 hours after the earthquake because delayed 
damage may occur. 
A secondary inspection 2 weeks to a month after the 
initial inspection should be made. 
A schedule of very frequent readings should be 
followed for at least 48 hours after the earthquake. 
If failure is imminent, warning to downstream 
residents is essential. All measures should be used to 
reduce storage in the reservoir. 
RESERVOIR INDUCED SEISMICITY 
Man - made earthquakes caused by the filling of reservoirs 
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The detection of reservoir induced seismicity may be 
performed in two phases (ICOLD, 1999): (i) phase 1 includes 
on historical seismic@ and surveys of reservoir and 
surrounding geological structures, aiming at identification of 
possible active faults; and (ii) the second phase is carried out 
starting at least one or two years prior to the impounding with 
the installation of a permanent network of seismometers and 
other measures such as precise levelling, use of 
instrumentation to detect active fault movements, and 
reservoir slope stability studies. 
Seismological observations established at Bhakra, Pong and 
Ramanga dams in the Hymalayan terrain have not registed any 
increase in seismicity due to impounding of waters. 
Table 1 presents some examples of dam sites where induced 
earthquakes with magnitude higher than 5 in the Ritcher scale 
have occurred (S&co e Pinto, 1996~). 
PROTOTYPE DYNAMIC TESTS 
Full scale and man-made vibration tests accompanied by 
appropriate geophysical measurements can provide vital 
information regarding the dynamic properties of the materials 
(S&co e Pinto, 1991). 
These tests play a fundamental role, providing reliable 
reference data on the seismic behavior of a dam, but the stress 
level is always very low with respect to that induced by an 
earthquake. So these tests can not reproduce adequately the 
non linear behavior of the dam. 
For concrete dams forced vibration tests still maintains an 
important role for the validation of the analytical model. 
Table 2 lists the dams, which were subject to one or more 
types of dynamic excitation. 
The dam response to such vibrations was recorded on 
seismometers placed at various locations of the dam. By 
analyzing the recorded motions, natural frequencies and 
associated 3 D mode shapes, as well as damping ratios were 
obtained. 
Table 1 Examples of dams with induced seismicity 
II -1.1 I /. I - I Height I Reservoir volume I Year of 
IJAM ~ounrry rYPe (x 106m3) 1 impounding 
Roi Constantine Greece embankment 96 1000 1969 6,3 
Oroville U.S.A. embankment 236 4298 1967 5,7 






Table 2- List of dams subjected to dynamic excitation 
ED - earth dam RD - rockfill dam AD - arch dam MAD - multi arch dam 
Case study 
Santa Felicia Dam, with 83m high and 389m long has a 
central impervious core and pervious shells (Fig. 11). 
The dam was excited into resonance in various modes in the 
upstream-downstream direction by a coupled pair of 
mechanical shakers (Ghaffar and Scott, 1981). Symmetric 
and antishymetric vibrations were obtained by synchronizing 
the two shakers to run in-phase and 180” out-of-phase. The 
measurements taken (in the frequency range 1.0 Hz-6.0 Hz) 
on the dam included, as a first step, the determination of the 
natural frequencies, preliminary modal damping ratios and 
mode shapes along the crest and the downstream face. Eigth 
seismometers located at selected measurements stations to 
cover the entire dam crest and downstream face were used to 
pick up the steady-state vibrations of the dam, oriented in 
the direction of the exciting harmonic force. In addition to 
the measurement of 17 modes in U-D direction, eigth 
modes of vibration of the 3D dam response were measured 
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Fig. 11 Cross section and plan view of Santa Felicia Dam (after Ghaffar and Scott, 1981) 
using six seismometers. 
AGEING EFFECTS 
Ageing is defined as a class of deterioration associated with 
time-related changes in the properties of the materials of 
which the structure and its foundation are constructed. And so 
these deteriorations occur more that 5 years after the 
beginning of operation (ICOLD, 1993a). 
Inspection, testing and monitoring of the works are the 
methods used to obtain the knowledge required to exercise 
control. A direct evaluation of ageing is possible by 
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monitoring changes in structural properties, and indirect 
evaluation is available by monitoring the effects and 
consequences of these changes and of the actions causing 
them. 
Piping in the foundation and in the body of fill dams has 
caused a number of failures. 
The progress in safety of dams is due the improvements of 
design and construction, but possibly even more to 
maintenance and monitoring and in particular to proper visual 
inspections and careful follow-up of increases in leakage that 
have prevented many failures and reduced the consequences 
of others. 
15 
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REHABILITATION OF DAMS 
Due to ageing effects this topic is getting an increasing 
attention. 
The use of geomembranes for the rehabilitation of dams is a 
topic of great interest. Following ICOLD (1991) more that 70 
dams located in 24 countries have used geomembranes. 
The causes of dam deterioration are related with irregular 
settlement of the fill or foundation, poor concrete quality and 
shrinkage cracks. 
i) Dangers to which the geomembranes are exposed: 
-falling rock at mountain site 




Matahina Dam is a rockfill embankment 80 m high, with a 
central core located in New Zealand. 
The dam has leaked after first filling in 1967 due to core 
cracking, and was consequently repaired. In 1987 the dam 
was exposed to strong seismic shaking (peak horizontal crest 
acceleration 0.42g) due to M=6.3 earthquake, located at the 
Edgecumbe fault. 
The dam is sited across the Waiohau active fault, 80 km long, 
with proven surface breaking during the Holocene. 
For the dam safety evaluation and earthquake with M= 7.2 
was selected considering the surface rupture of Waiohau fault, 
crossing the dam site. The value of 3.0 m in oblique was thus 
selected for the fault surface displacement as 2:l (i.e. 2.7 m 
horizontal and 1.3 m vertical displacement). Such 
displacements would result in major cracking of the dam body 
inducing piping and internal erosion, as observed during the 
1987 Edgecumbe earthquake. 
The proposed strengthening is shown in Fig. 12 and consists 
in excavating significant part of the downstream shoulder and 
on keeping the existing core. The post SEE leakage control is 
to be ensured by placing a wide zone of filter, transition and 
drainage materials with 5,O m minimum of thickness. The new 
crest will be approximately 40 m with the crest being 
heightened by 3,0 m to accommodate any settlement due to 
shaking and maintain sufficient freeboard (ICOLD, 1998a). 
BENEFITS AND CONCERNS OF DAMS 
The benefits of dams are demonstrated with the multipurpose 
uses of dams for water supply, irrigated agriculture, electric 
energy generation, flood control, recreation and other usages. 
Importance to the environmental and social aspects of dams 
and reservoir is increasing. Construction of dams is no longer 
acceptable without a careful analysis of mitigation and 
adverse impacts. It is important to build dams in harmony 
with the environment and therefore economic development 
and environmental protection must proceed hand in hand. 
One of the predominant concerns about reservoirs is re- 
settlement. Following ICOLD (1997) involuntary settlement 
must be handled with special care, managerial skill and 
political concern based on comprehensive social research and 
sound planning for implementation. 
A study carried out in respect of a number of major dams built 
for multipurpose projects indicates that the population 
displaced on account of construction of dams varies between 
05% to 4% of the population benefited by the irrigation 
facilities and a tiny fraction of the percentage of those 
benefited by electricity (Naidu, 1999). The rate of 
beneficiaries to affected persons is better than 200: 1. 
A detailed listening of over 80 potential impacts on the 
natural renvironment (flora, fauna and aquatic fauna), social 
economic and cultural aspects, land, dam construction 
activities, sedimentation of reservoirs, downstream hydrology, 
water quality, tidal barrages, climate and human health was 
presented by Veltrop (1998). 
Technical feasibility and economic justification of new dam 
projects are now second to social, political and environmental 
considerations and requires cooperation among engineers, 
scientists, environmentalists and stakeholders. 
RISK ANALYSES 
Dam owners, regulatory authorities and consultants have been 
carrying out risk analyses for many years. Its purpose is to 
identify the main real risks associated with each type and 
height of dam for all circumstances and can be conducted: (i) 
in extensive risk analysis of very large dams, to substantiate 
reliably the probabilities chosen in event trees; (ii) in 
simplified risk analysis of smaller dams, to focus low-cost risk 
analysis on a few main risks; (iii) and in identifying 
possibilities for reducing these risks through low-cost 
structural or non-structural measures (Lemperiere, 1999). 
The findings of dam failures statistical analysis of data show 
that (ICOLD, 1995): 
(i) the percentage of failure of large dams has been falling 
over the last four decades, 2,20 % of dams built before 
1950 failed, failures of dams built since I95 1 are less 
than 0.5 %; 
(ii) most failures involve newly built dams. The greatest 
proportion 70% of failures occur in the first ten years and 
more especially in the first year after commission. 
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In the next century, one billion people will be living 
downstream of dams. It seems that millions may be at risk 
within the next 50 years as a result of dam failures. Although 
the annual failure probability of dams is lower than lo& in 
most cases, it may be higher for dams in seismic areas subject 
to sudden failures such as tailing dams and hydraulic fill 
dams. 
The potential risk associated with dams consists of structural 
components and socio-economic components. The structural 
components of potential risk depend mostly on storage 
capacity and on the height of the dam, as the potential 
downstream consequences are proportional to the mentioned 
values (ICOLD, 1989). Socio-economic risks can be 
expressed by a number of persons who need to be evacuated 
in case of danger and by potential downstream damage. 
Consideration of human behavior is essential when assessing 
the consequence of failures: well organized emergency 
planning and early warning systems could decrease the 
number of victims and so the study of human behavior play an 
important role in assessment of risk analysis. 
The results of a risk analysis can be used to guide future 
investigations and studies, and to supplement conventional 
analyses in making decisions on dam safety improvements. 
With increasing confidence in the results of risk analyses, the 
level of risk could become the basis of safety decisions. 
A probabilistic risk assessment addresses three fundamental 
questions (Salmon and Hartford, 1995 a): (I) what can go 
wrong? (ii) how likely is it?; (iii) what damage will it do? 
In general, a society risk of 0.001 lives per year per dam 
appears to be acceptable. Assuming that the combined 
probability of failure to a PMF and MCE is approximately 
l/l00 000 per year, a loss of life of up to 100 people would 
result in an acceptable risk of 0.00 1 lives per year per dam. 
The past practices of US Army Corps of Engineers, US 
Bureau of Reclamation and BC Hydro are shown in Fig. 13 
along with a risk line of 0.001 (or 10e3) lives per year per dam 
(Salmon and Hartford, 1995 b). 
Past practice has been to require relatively large increases in 
reliability (decreases in probability of failure) when the 
consequences exceed some fixed criteria such as one expected 
fatality or six expected fatalities. 
FINAL REMARKS AND TOPICS FOR DISCUSSION 
In spite of the impressive progress that has been made in the 
last years on seismic design of dams there is still space for 
questions that remain without a definitive answer. Some 
questions that deserve further discussion are outlined below. 
The floor discussions that we hope lively will give us the 
unique opportunity to share our experience and will also 
contribute to the advancement of the knowledge. 
0 The complexity of computer codes demands 
validation of models. What is the best approach? 
ii) The interest on assessment the liquefaction resistance 
from shear wave tests is increasing. What is the best 
procedure? 
Fig. 12 Rehabilitation of Matahina Dam (after ICOLD, 1998a) 
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It seems that the criteria to select the recurrence 
periods for MCE and OBE are not well defined. Are 
the ICOLD suggestions well accepted? 
Abrahamson, N. A. and W. J. Silva [I9971 “Empirical 
response spectral attenuation relations for shallow crustal 
earthquakes”. Sei. Res. Lett. 68, no 1, pp. 94-127. 
The use of discrete element models to reproduce the 
opening of joints rock medium during earthquakes. 
Ambraseys, N.N. [ 19601 “The Seismic stability of earth 
dams”. Proc. 2”d World Conference on Earthquake 
Engineering, Tokyo, Vol.11, pp. 33 l-336. 
What is the efficiency of the new methods to Amini. F. and G. Z. Qi. [2000] “Liquefaction testing of 
investigate faults other than trenching? stratified silty sands”. J.G.G.E., Vol. 126, no: 3, pp. 208-217. 
What are the advantages and limitations of automatic 
system with teletransmission during exceptional 
events such as earthquakes and large floods? 
Andersen, G.R., L.E., Chouinard, C. Bouvier and W.E. Buck. 
[ 19991 “Procedure on maintenance tasks for monitoring of 
embankment dams”. J.G.G.E., Vol. 125, no 4, pp. 247-259. 
Interplay between ageing effects and maintenance 
and monitoring related with the safety of dams. 
Bazant, Z.P., R.J., Zrizek, [ 19761 “Endochronic constitutive 
law for liquefaction of sand”. JEMD, ASCE, Vol. 102, EM2, 
pp. 225-238. 
The use of geomembranes for dam rehabilitation 
related with: limitation of specific height of dam, the 
use of a second watertight barrier in large structures 
and the risks of leaving the geomembranes 
uncovered; 
Bureau, G., R.L Volpe, W.H. Roth. And T. Udaka [ 19851 
“Seismic analysis of concrete face rockfill dams”. Proc. of 
Symposium Concrete Face Rockfill Dams - Design, 
Construction and Performance, pp.479-508. 
Co-operation among engineers, scientists, 
environmentalists and stakeholders for new dam 
projects due the important role of social, political 
and environmental factors; 
Camara, R. J. C. [I9991 “Seismic behavior of concrete dams. 
Safety evaluation”. Research thesis (in portuguese), LNEC. 
Advantages and difficulties of risk analyses for the 
basis of safety decisions; 
Carter, J.P., J. R. Booker and C.P. Wroth [1982] “A critical 
state soil model for cyclic loading. Soil Mechanics Transient 
and Cyclic Loads. Constitutive Relations and Numerical 
Treatment. John Wiley & Sons, pp. 2 19-252. 
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xi) Contimuing education is highly recommended to 
follow the very fast developments of earthquake 
geotechnical engineering and particularly of dam 
engineering (S&co e Pinto, 2000). 
In dealing with these topics we should never forget the 
memorable lines of Friedrich: Oetinger (1702-1782): 
- “The wisdom to recognize the things that should be 
changed 
- -the strength to change the things that can be 
- changed and 
- -the tranquility to accept the things that you cannot 
- change”. 
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